Background-Right ventricular diastolic dysfunction influences outcomes in pulmonary arterial hypertension (PAH), but echocardiographic parameters have not been investigated in relation to invasive reference standards in pediatric PAH. We investigated echocardiographic parameters of right ventricular diastolic function in children with PAH in relation to simultaneously measured invasive reference measures. Methods and Results-We prospectively recruited children undergoing a clinically indicated cardiac catheterization for evaluation of PAH and pulmonary vasoreactivity testing. Echocardiography was performed simultaneously with invasive reference measurements by high-fidelity micromanometer catheter. For analysis, patients were divided into shunt and nonshunt groups. Sixteen children were studied. In the group as a whole, significant correlations were found among τ and tricuspid deceleration time, E′, E/E′, Time E-E′ , A wave velocity, and global early and late diastolic strain rate. dp/dt minimum correlated significantly with late diastolic tricuspid annular velocity (A′), tissue Doppler imaging-derived systolic:diastolic duration ratio, and global late diastolic strain rate. End-diastolic pressure correlated significantly with tissue Doppler imaging-derived systolic:diastolic duration ratio. On multivariate analysis, tricuspid deceleration time, Time E-E′ , and global early diastolic strain rate were independent predictors of τ, whereas tissue Doppler imaging-derived systolic:diastolic duration ratio was an independent predictor of dp/dt minimum. In general, correlations between echocardiographic and invasive parameters were better in the shunt group than in the nonshunt group.
D iastolic dysfunction determines ventricular performance and patient outcomes in many conditions, may precede systolic dysfunction, 1,2 and influences contralateral ventricle performance. 3, 4 Moreover, right ventricular (RV) diastolic dysfunction and right atrial (RA) size, thought to reflect RV filling pressures, are associated with increased mortality. 5, 6 Indeed, they correlate with survival in both adults and children with pulmonary arterial hypertension (PAH). 7 However, assessment of diastolic function in children is challenging, 8 and assessment of RV diastolic function is even more difficult. 9 Consequently, few studies have investigated RV diastolic function, particularly in pediatric PAH.
Clinical Perspective on p 501
Right-heart catheterization is the reference method to assess RV filling 10 but is limited to serially assess children because it is invasive. Therefore, noninvasive methods, including echocardiography, are used to assess RV function in clinical practice and may provide prognostic information that influences clinical management. 7 However, there is little information on how well echocardiographic parameters correlate with invasive reference standards. Moreover, newer echocardiographic techniques, including tissue Doppler (TDI) and strain imaging, and novel RV functional indices, including the systolic:diastolic duration (S:D) ratio, may be useful to assess diastolic dysfunction in pediatric PAH but have not been evaluated in comparison with invasive reference measures in this population. 6, [11] [12] [13] [14] [15] Accordingly, the aim of this study was to investigate correlation of echocardiographic RV diastolic function measures with invasive reference measurements in children undergoing cardiac catheterization for assessment of pulmonary hypertension. We hypothesized that echocardiographic parameters of RV diastolic function correlate with invasive reference measures of diastolic relaxation and with filling pressures.
Methods

Study Populations
We prospectively enrolled all children (0-18 years of age) undergoing a clinically indicated cardiac catheterization for evaluation of PAH and pulmonary vasoreactivity testing. Patients with a pulmonary vascular resistance index <3 Wood Units, 7, 16 those with RV outflow obstruction, pulmonary artery stenosis, left-sided obstructive lesions, or a pulmonary capillary wedge pressure >15 mm Hg were excluded. Informed consent was obtained from the patient or legal guardian. The study was approved by the institutional research ethics board. The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the article as written.
Cardiac Catheterization
All patients underwent transthoracic echocardiography at baseline and during each stage of a right-heart catheterization with pulmonary vasoreactivity testing ( Figure 1 ). All procedures were performed under general anesthesia or conscious sedation. Pulmonary artery pressures, RA pressure, and pulmonary arterial wedge pressure were measured using fluid-filled catheters. Pulmonary and systemic blood flows were measured by the Fick method using measured oxygen consumption by mass spectrometry as a gold-standard measurement. 17 The time constant of RV relaxation (τ), peak change in minimum pressure over time (RV dp/dt minimum), and right ventricular end-diastolic pressure (RVEDP) were measured using high-fidelity micromanometer catheters (Millar Instruments, Inc, Houston, TX) as gold-standard measures of RV relaxation and filling pressures. 18
Pulmonary Vasoreactivity Testing
Children underwent cardiac catheterization with simultaneous echocardiography at ≥1 of the following stages: baseline, 70% inspired oxygen, 20 ppm nitric oxide (NO), and sildenafil (0.5 mg/kg) via nasogastric tube. Pulmonary vascular resistance was calculated as the ratio of the difference between pulmonary arterial pressure and left atrial pressure or pulmonary arterial wedge pressure to mean cardiac output, expressed as units times body surface area in square meters.
Echocardiographic Measurements
Echocardiography was performed using age-appropriate probe frequencies on a General Electric Vivid 7 or E9 ultrasound system (GE Corporation, Wauwatosa, WI). Gain and compression were optimized. Doppler and M-mode were recorded at sweep speeds of 50 mm/s. We evaluated echocardiographic RV diastolic parameters as suggested by expert guidelines and additional parameters. 19 As some patients were breathing spontaneously, we did not acquire measurements at a fixed phase of respiration, although all measurements were obtained during quiet constant respiration. All parameters represent an average of 3 consecutive cycles. RA area was assessed by tracing the RA endocardial border in the apical 4-chamber view, excluding the atrial appendage. RA volume was estimated by the monoplane area-length ellipsoid method 20 and indexed to body surface area. Tricuspid inflow was recorded from an apical 4-chamber view and the peak early (E) and late (A) diastolic velocities, their ratio (E/A), and the tricuspid E-wave deceleration time measured. The S:D ratio was calculated from the tricuspid regurgitation (TR) jet. 21 Systolic duration was measured as the duration (onset to termination) of TR flow. Diastolic duration was measured from termination of TR to onset of the subsequent TR tracing. The RV myocardial performance index was measured as previously described. 22 TDI was recorded from the apical 4-chamber view with the pulse-wave Doppler sample-volume placed on the tricuspid lateral annulus. Peak early (E′) and late (A′) diastolic myocardial annular velocity, isovolumic relaxation time, isovolumic contraction time, and ejection time were measured. The ratio between tricuspid E and early diastolic myocardial velocity (E′) was calculated (E/E′). In addition, the TDI-derived myocardial performance index was calculated. 23 The time interval between the onset of E and E′ (T E-E′ ) was measured using the ECG R wave as a reference. 24 Two-dimensional (2D) speckle-tracking echocardiography was analyzed using dedicated software (Echopac PC, version 8.0, GE Healthcare). Gray-scale 2D images were obtained from the apical 4-chamber view at a frame rate of 60 to 120 frames/s. The RV endocardial border including septum was traced manually from an end-systolic frame to include the free wall and septum. The epicardial border was automatically detected by the software, and the region of interest was manually adjusted to include the thickness of the RV myocardial wall. Adequate tracking was visually verified and manually corrected as necessary. 14, 15 Early and late longitudinal diastolic strain rate curves were generated for 6 RV segments (basal, mid, and apical segments of the RV free wall and septum). The RV global strain rate was calculated as the average of the 6-regional strain rate values.
All indices were remeasured by 2 investigators (K.O. and C.S.) from the digitally stored image for the purposes of this study using commercially available software (SyngoDynamics, version 5.1, Siemens, Germany). Demographic and clinical data were obtained from the medical record.
Intraobserver and Interobserver Reliability Analysis
Intraobserver and interobserver reliability analysis of RV global longitudinal strain rate was assessed in half of the population (n=8) selected randomly. Intraobserver reliability was assessed by a single observer who repeated measurements after 4 weeks. These were evaluated by comparing measurements performed by 2 independent observers, from newly generated strain curves using the same cardiac cycle. Intraobserver and interobserver reliability were assessed using the concordance correlation coefficient. In addition, we present the relative difference between the 2 measurements as (measure 1-measure 2)/measure 1.
Statistical Analysis
Data points from each stage of the cardiac catheterization for each subject were used in the analysis. Group data were compared using the unpaired Student t test. Variables are expressed as mean±SD. The Pearson correlation coefficient was used to estimate correlations between echocardiographic parameters and invasive reference measurements. In addition, we analyzed associations between echocardiographic and invasive data using a mixed model with shunt type as a random effect. To determine independent predictors of invasive parameters, multivariate linear regression analysis was performed, adjusted for heart rate and age. Parameters, which correlated significantly with invasive measurements by univariate analysis, were selected as candidate predictors. For the whole-group, candidate predictors for τ were tricuspid deceleration time, E′, E/E′, A wave velocity, Time E-E′ , global early diastolic strain rate, and global late diastolic strain rate; for dp/dt minimum, candidate predictors were A′, TDI-derived S:D ratio, and global late diastolic strain rate; for RVEDP, candidate predictors included the TDI-derived S:D ratio. In the shunt group, candidate predictors for τ were the S:D ratio, E′, and global late diastolic strain rate; for dp/dt minimum, candidate predictors included E/A and Time E-E′ Statistics used SPSS software (version 19.0). A P value <0.05 was considered significant.
Results
Baseline Characteristics
Sixteen children were studied. Their demographic and clinical characteristics are listed in Table 1 . As all but 1 patient had congenital heart disease (CHD), we divided the patients into 2 groups. Seven patients (44%) with intracardiac shunts or patent ductus arteriosus who had not undergone surgical repair were allocated to the shunt group. Nine patients (56%) with operated intracardiac shunts (or repaired patent ductus arteriosus) or a structurally normal heart were allocated to the nonshunt group. 
bpm indicates beats per minute; BSA, body surface area; NS, not significant; and PAH, pulmonary arterial hypertension.
There were no significant differences between these groups in mean age, weight, body surface area, sex, or heart rate. Most patients in the shunt group were receiving ≥1 pulmonary vasodilators as chronic therapy, whereas almost half the nonshunt group were not receiving pulmonary vasodilators. Invasive and echocardiographic measurements are listed in Table 2 . Mean pulmonary artery pressure in the shunt group was significantly higher than in the nonshunt group (50±12 versus 33±13 mm Hg; P=0.02). All other invasive and echocardiographic measurements were similar between the groups. Results of individual patients at the baseline condition are shown in Table 3 .
Correlations Between Echocardiographic and Invasive Parameters in the Whole Group
Correlations between invasive RV diastolic indices and echocardiographic parameters are shown in Table 4 . In the group as a whole, significant correlations were found among τ and tricuspid deceleration time, E′, E/E′, A wave velocity, Time E-E′ , global early diastolic strain rate, and global late diastolic strain rate. dp/dt minimum correlated significantly with the peak late diastolic tricuspid annular velocity (A′), TDI-derived S:D ratio, and global late diastolic strain rate. RVEDP correlated significantly with the TDI-derived S:D ratio. RV myocardial performance index and RV isovolumic relaxation time did not correlate with any of the invasive reference measures in the whole group or in the 2 subgroups (data not shown).
We further analyzed associations between echocardiographic and invasive data using a mixed model with shunt type as a random effect. Correlation among τ and tricuspid deceleration time (P=0.52), Time E-E′ (P=0.08), and global early diastolic strain rate (P=0.05) yielded higher P values than the regression model. Other correlations between invasive and echocardiographic parameters in the mixed model were not different from the regression model.
The results of multivariate analysis are summarized in Table 5 . In the group as a whole, tricuspid deceleration time, Time E-E′ , and global early diastolic strain rate were independent predictors of τ. The TDI-derived S:D ratio was an independent predictor of RVEDP.
Correlations Between Echocardiographic and Invasive Parameters in the Nonshunt Group
There were moderate to good correlations (r>0.7) between invasive and echocardiographic measurements in the nonshunt group ( Figure 2 ). Indexed RA volume, tricuspid deceleration time, E′, E/E′, Time E-E′ , global early diastolic strain rate, and global late diastolic strain rate significantly correlated with τ. Tricuspid deceleration time, E/E′, A′, the Doppler-derived S:D ratio, TDI-derived S:D ratio, and global late diastolic strain rate correlated significantly with dp/dt minimum. The S:D ratio, E′, and the TDI-derived S:D ratio correlated significantly with RVEDP. On multivariate analysis, E′, E/E′, and Time E-E′ were independent predictors of τ in the nonshunt group. The S:D ratio, E′, and TDI-derived S:D ratio were strong independent predictors of RVEDP. The tricuspid deceleration time, S:D ratio, and global late diastolic strain rate were independent predictors of dp/dt minimum.
Correlations Between Echocardiographic and Invasive Parameters in the Shunt Group
Echocardiographic parameters correlated less well with invasive parameters in the shunt group. Significant correlations were found among τ and the S:D ratio, E′, and global late diastolic strain rate. dp/dt minimum correlated significantly with E/A and Time E-E′.
None of the echocardiographic parameters in the shunt group correlated with RVEDP. On multivariate analysis, the S:D ratio was an independent predictor of τ in the shunt group. Correlation results were re-evaluated in all groups after removal of outliers; all results remained statistically significant.
Correlation Between Changes in Echocardiographic and Invasive Parameters After Vasodilator Challenge
The percentage change from baseline in echocardiographic and invasive parameters after administration of oxygen and NO is shown in Table 6 . Patient no. 3 from the nonshunt group was excluded from this analysis, as the patient did not undergo vasodilator testing. The percentage change in τ in the nonshunt group correlated with the change in E/E′ (r=0.63; P<0.05). The percentage change in indexed RA volume, in the group as a whole, and in the shunt group significantly correlated with the percentage change in dp/dt minimum (r=0.41; P<0.05 and r=0.68; P<0.01, respectively). The changes in E′ in the shunt group and E/E′ in the group as a whole significantly correlated with change in RVEDP (r=−0.64; P<0.05 and r=0.42; P<0.05, respectively). No other correlations were found between change from baseline in the echocardiographic and invasive parameters (data not shown).
Intraobserver and Interobserver Reliability
Intraobserver and interobserver concordance correlation coefficients for RV global early strain rate in PAH patients were 0.99 and 0.91, respectively. The average relative differences between intraobserver and interobserver measurements were 7.9% and 12.5%, respectively.
Discussion
We compared echocardiographic parameters of RV diastolic performance and simultaneously measured invasive reference parameters during right-heart catheterization using high-fidelity micromanometer catheters in children with PAH predominantly associated with CHD. The main findings of this study are (1) echocardiographic parameters of RV diastolic function correlated with invasive reference measurements in children with PAH, (2) no single echocardiographic parameter correlated with all invasive measurements of RV diastolic performance, (3) moderate or strong correlations between echocardiographic parameters and invasive measurements were found only in ASD indicates atrial septal defect; AVSD, atrioventricular septal defect; CR, cardiac repair; dp/dt min, dp/dt minimum; E, early transtricuspid flow velocity; E′, early diastolic tricuspid annular velocity; iPAH, idiopathic pulmonary hypertension; N/A, not available; PDA, patent ductus arteriosus; PVD, pulmonary vascular disease; PVRi, pulmonary vascular resistance index; RVEDP, right ventricular end-diastolic pressure; S:D ratio, the ratio between the duration of systole and diastole; SR, strain rate; TDI, tissue Doppler imaging; TV DT, tricuspid valve deceleration time; VSD, ventricular septal defect; and WU, Wood's units.
the nonshunt group, (4) it is difficult to differentiate between abnormalities of early versus late diastole, and (5) newer indices such as diastolic strain rate and the S:D ratio may be useful for assessment of diastolic dysfunction in this population.
Although emphasis is placed on assessment of pulmonary hemodynamics in children with PAH, it is ultimately RV function that determines their outcome. The vast majority of research to date has investigated systolic function, and there are few data on RV diastolic dysfunction in the pediatric PAH population. Although it is evident from our results that assessment of RV diastolic dysfunction is challenging, it may be important for grading of disease severity, patient management, and prognostication.
Increased RV pressure-load in PAH causes RV myocardial hypertrophy and fibrosis. Both are associated with diastolic dysfunction as a result of structural changes, abnormal ventricular relaxation, and reduced compliance. 25, 26 Cardiac catheterization is the standard technique for quantitative assessment of RV hemodynamics and filling pressures but is invasive. 27 Therefore, noninvasive diagnosis of RV dysfunction may be useful. 7 Evaluation of RV diastolic function includes assessment of RV relaxation and filling during the isovolumic and early rapid filling periods, RV filling during atrial contraction, and evaluation of RV filling pressures. 28 Blood flow and tissue Doppler are the mainstays of noninvasive assessment of diastolic function and filling pressures. 11, 12, 25, 26 However, because diastole is characterized by a complex set of separate but interrelated phases, it is not readily described by a single parameter. 1, 11 Our results support this contention, in that no single echocardiographic parameter adequately correlated with the investigated reference parameters of τ, dp/dt minimum, and RVEDP. A indicates late transtricuspid flow velocity; A′, late diastolic tricuspid annular velocity; E, early transtricuspid flow velocity; E′, early diastolic tricuspid annular velocity; PAH, pulmonary arterial hypertension; RA, right atrium; S:D ratio, the ratio between the duration of systole and diastole; TDI, tissue Doppler imaging; and Time E-E′ , the time interval between the onset of E and the onset of E′.
Evaluation of Early Diastole
Evaluation of the time course of pressure decay during isovolumic relaxation and the early filling phase provides an important measure of early diastolic performance described by the time constant of isovolumic pressure decay (τ) and the peak rate of pressure decline (dp/dt minimum). 1, 11, 25, 26 In our study, various echocardiographic parameters correlated significantly with either τ or dp/dt minimum, especially in the nonshunt group. Interestingly, these included parameters that reflect pressure gradients between the atrium and ventricle (eg, tricuspid deceleration time), filling pressures (eg, E/E′), or even late diastolic events (eg, A′ and global late diastolic strain rate). Overall, our results suggest that in children it is difficult to differentiate between early and late diastolic abnormalities, implying that it is difficult to differentiate between impaired relaxation and reduced compliance, similar to our findings for left ventricular (LV) diastolic function in pediatric cardiomyopathy. 8 Newer indices, such as the S:D ratio and global late diastolic strain rate, correlated with dp/dt minimum and may be useful additions to assess RV diastolic function in PAH. We have reported recently on the value of the S:D ratio to predict survival in children with PAH. 21 Although the S:D ratio is a global measure accounting for both systole and diastole, the prolonged systole in RV dysfunction highlights the diastolic compromise and the shortened time available for ventricular filling. The S:D ratio also captures adverse ventricular-ventricular interactions in that a prolonged RV systole impedes LV diastole through prolonged leftward septal shift. In previous studies, we used the duration of TR to measure systolic and diastolic duration. In this study, we expanded our analysis of the S:D ratio to include TDI measurements and those derived from Doppler flow. We found that the TDI-derived S:D ratio is an independent predictor of RVEDP and therefore may reflect increased filling pressures, as well as early diastolic recoil or relaxation abnormalities.
We speculate that this correlation arises from the shortened filling time in noncompliant ventricles as well as by prolongation of isovolumic contraction in the hypertensive RV. 21 The use of TDI to measure the S:D ratio increases measurement feasibility as TR is not present in all patients, whereas TDI can be acquired in almost all.
Our findings are also novel in that RV global early diastolic strain rate was an independent predictor of RV τ. This finding may also be important in that diastolic strain rate was 1 of the only echocardiographic parameters to correlate with measures of early diastolic recoil or relaxation. Strain rate derived from 2D speckle tracking may be advantageous for assessment of RV performance in PAH as it is less angle-dependent than color TDI-derived strain. 12, 14, 15 However, its relatively low frame rates, particularly in relation to the rapid events of early diastole in children with fast heart rates, may be a major limitation. Nonetheless, correlations between diastolic strain rate and invasive measurements were among the strongest found in this study, and if anything a lower frame rate would be expected to underestimate an existing correlation.
Assessment of RV Filling Pressures
There are few studies investigating the relationship between echocardiographic parameters and RV filling pressures, especially in children. In adults, Nagueh et al 29 investigated pulsedwave TDI measurements of E′ corrected for the tricuspid valve early filling velocity (E/E′) to estimate RV filling pressures compared with invasive hemodynamics, similar to prior LV work. 13 In their study, the tricuspid valve E/E′ ratio correlated with RA pressure but with a relatively wide spread. In our study, only the TDI-derived S:D ratio correlated well with RV filling pressures and was an independent predictor of RV filling pressure in the group as a whole. Interestingly, E′, which is an early diastolic parameter thought to reflect early myocardial relaxation or recoil, correlated with RV filling pressures in the nonshunt group. However, its correlation was only modest (r=−0.43) in the shunt group, and in multivariate analysis, it was not an independent predictor of RVEDP in the group as a whole. Also interesting is that E/E′ did not correlate with RV filling pressures. Although the E/E′ ratio is used to evaluate LV end-diastolic pressures, 13 E′ is load-dependent, and intracardiac shunting in the shunt group may have influenced RV preload and hence the E/E′ ratio. Nonetheless, it has been our experience both for the LV in children with cardiomyopathy and now for the RV in PAH associated with CHD that the E/E′ may not work as well in the pediatric population possibly because these patients do not commonly demonstrate impaired relaxation. 8 It is also noteworthy Figure 2 . Relations between invasive reference measurements obtained by high-fidelity micromanometer catheter and noninvasive parameters by echocardiography. A, Relation between τ and tricuspid deceleration time. B, Relation between τ and E/E′. C, Relation between dp/dt minimum and tricuspid deceleration time. D, Relation between dp/dt minimum and A′. E, Relation between dp/dt minimum and systolic:diastolic duration (S:D) ratio. F, Relation between dp/dt minimum and global late diastolic strain rate. A′ indicates late diastolic tricuspid annular velocity; E, early transtricuspid flow velocity; and E′, early diastolic tricuspid annular velocity.
that RA volume, which is thought to reflect filling pressures and correlates strongly with survival in both iPAH and in adults with Eisenmenger syndrome, did not correlate with EDP. 30 This may be, in part, because of RA volume reflecting filling pressures during a longer period of time, whereas in this study, we performed measurements at 1 time point.
We further analyzed whether changes in echocardiographic parameters correlated significantly with changes in invasive parameters after vasodilator challenge. Correlations were found between τ or EDP with only a limited number of echocardiographic parameters, including E′, E/E′, and indexed RA volume. It is possible that the relatively small changes after a pulmonary vasodilator were insufficient to affect correlations between more parameters. Nonetheless, these results are important in that the change in response to a stimulation strengthens baseline correlations and hence the clinical use of parameters such as E′ and RA volume to estimate invasive gold-standard parameters of RV relaxation and filling pressures.
Clinical Implications
We found modest correlations between echocardiographic and invasive parameters. Whether these results will ultimately translate into useful parameters in terms of clinical management or prognostication remains unknown, particularly as the A′ indicates late diastolic tricuspid annular velocity; dp/dt min, dp/dt minimum; E′, early diastolic tricuspid annular velocity; E/A, the ratio between early transtricuspid flow velocity (E) and late early transtricuspid flow velocity (A); N/A, not available; RA, right atrium; RVEDP, right ventricular end-diastolic pressure; S:D ratio, the ratio between the duration of systole and diastole; SR, strain rate; TDI, tissue Doppler imaging; TV DT, tricuspid valve deceleration time; and Time E-E′ , the time interval between the onset of E and the onset of E′.
usefulness of the reference measures themselves in the management of these patients is unknown. 31 Accordingly, the reference diastolic parameters investigated, including τ, dp/dt minimum, and RVEDP, have not been shown to date to predict outcome or guide treatment in children with PAH and are not routinely obtained in pediatric patients. Nonetheless, diastolic dysfunction and elevated filling pressures have important prognostic implications in many cardiac conditions, including in children. [4] [5] [6] [7] 9, 13 In adults with idiopathic and familial PAH, low RVEDP is associated with improved survival. 32 In these patients, serum NT-proBNP is related to RA pressure and correlates with RV function, an important determinant of outcomes. 33 In adults with PAH related to CHD as well as those with thromboembolic PAH, RV diastolic stiffness, as assessed from single-beat pressure-volume loops, has been found recently to be significantly increased because of increased RV collagen and intrinsic stiffening of cardiomyocytes. 34 In that study, RV diastolic stiffness was associated with markers of disease progression, suggesting that it may be contributing to disease worsening rather than just associated with increased afterload. 34 As previously discussed, in adults with PAH, factors affected by diastolic dysfunction and increased filling pressures such as RA enlargement and pericardial effusion are strong predictors of survival. We have shown recently in children with PAH that increased RA volumes are associated with death or need for transplantation, albeit in that cohort, children with iPAH rather than PAH associated with CHD drove mortality. 7 Consequently, diastolic dysfunction seems to be an important determinant of RV function and outcomes in PAH. Therefore, understanding the implications of RV diastolic echocardiographic measurements, as they relate to the invasive reference parameters, is a first step to possible future incorporation of these parameters in clinical practice. This will require subsequent study on the relative prognostic value of diastolic dysfunction in children with PAH, as defined by either individual or a combination of parameters.
Study Limitations
This is a small, albeit prospective, single-center study with inherent limitations. For example, although the higher proportion of patients receiving medications in the shunt group may be because of differences in severity of disease as seen by some differences in New York Heart Association class, the small study population limits drawing conclusions. Our population consisted almost entirely of patients with repaired or unrepaired CHD. Although this in itself is not a limitation, our results cannot be automatically extrapolated to other populations. Indeed, our results suggest differences in the performances of several indices in the shunt versus the nonshunt group. Therefore, additional studies in other populations are warranted. RV diastolic function is determined by multiple factors at the cellular, myocardial, and chamber levels, and RV filling patterns and filling pressures reflect the net balance of many variables. It is difficult to capture all of these by either invasive or noninvasive measures. We therefore think that no single parameter will adequately describe diastolic dysfunction. Likewise, it is difficult to assess ventricular compliance, and several measures, including assessment of filling pressures, are only surrogates. The use of conductance catheters to generate pressure-volume loops may allow a more extensive evaluation of chamber compliance but was not feasible in the human catheter laboratory study we performed.
General anesthesia and ventilation may influence cardiac performance and may have affected our results. As the objective of this study was to compare invasive to noninvasive parameters, this effect would be reduced as both were obtained under the same condition. Nevertheless, future study will need to compare these parameters before and after administration of anesthesia.
We found associations between echocardiographic and catheter measurements, but it remains unknown whether the echocardiographic and catheter parameters measure the same aspect of diastolic function. Simultaneous changes in different aspects of diastolic function may occur affecting both parameters, or correlations may reflect a similar dependence of both parameters on factors such as loading conditions, heart rate, or body weight. Addressing these limitations will require further well-controlled animal or human studies, with some of the load-dependent questions possibly being addressed by the use of pressure-volume loops. Furthermore, the pooled nature of the analyses precludes determining correlations, if any, in individual patients.
Conclusions
We studied simultaneous measurements of diastolic function by high-fidelity micromanometer catheters and echocardiography in children with repaired and unrepaired CHD. Our results show that tricuspid deceleration time and E/E′ correlated with τ; and that tricuspid deceleration time, A′, S:D ratio, and global late diastolic strain correlate with dp/ dt minimum. These echocardiographic parameters may be valuable for assessing RV diastolic function in children with PAH, although our results suggest that they do not fit current paradigms neatly dividing diastole into abnormalities of early relaxation versus late abnormalities of decreased compliance.
